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%HORZ WKH ILUVWYHUVLRQRI WKHPDQXVFULSWLVSUHVHQWHG7KHDUWLFOH LVSXEOLVKHG LQ-RI(OHFWURQLF0DWHULDOV'2,
V

7KHUPRHOHFWULF3URSHUWLHVRI7HWUDWKLRWHWUDFHQH,RGLGH&U\VWDOV
0RGHOLQJDQG([SHULPHQW

$QDWROLH&$6,$1DQG,RQHO6$1'8/($&
'HSDUWPHQWRI&RPSXWHUV,QIRUPDWLFVDQG0LFURHOHFWURQLFV
7HFKQLFDO8QLYHUVLW\RI0ROGRYD6WHIDQFHO0DUHDY&KLVLQDX5HSRI0ROGRYD

$ PRUH FRPSOHWH SK\VLFDO PRGHO IRU QDQRVWUXFWXUHG FU\VWDOV RI WHWUDWKLRWHWUDFHQHLRGLGH WKDW
WDNHV LQWR DFFRXQW WKH LQWHUDFWLRQ RI FDUULHUV ZLWK WKH QHLJKERULQJ RQHGLPHQVLRQDO '
FRQGXFWLYHFKDLQVDQGDOVRWKHVFDWWHULQJRQLPSXULWLHVDQGGHIHFWVLVSUHVHQWHG)RUVLPSOLFLW\
WKH'DSSUR[LPDWLRQLVDSSOLHG,WLVVKRZQWKDWWKLVPRGHOGHVFULEHVYHU\ZHOOWKHWHPSHUDWXUH
GHSHQGHQFLHVRIHOHFWULFDOFRQGXFWLYLW\LQWKHWHPSHUDWXUHLQWHUYDOEHWZHHQDQG.DQG
RI 6HHEHFN FRHIILFLHQW EHWZHHQ  DQG  . WKH KLJKHVW WHPSHUDWXUH IRU ZKLFK WKH
PHDVXUHPHQWV ZHUH UHSRUWHG )RU ORZHU WHPSHUDWXUHV LW LV QHHGHG WR DOVR FRQVLGHU WKH
IOXFWXDWLRQV RI GLHOHFWULF SKDVH ZKLFKDSSHDU EHIRUH WKHPHWDOGLHOHFWULF WUDQVLWLRQ ,W LV IRXQG
WKDWWKHSUHGLFWLRQVPDGHLQ'DSSUR[LPDWLRQDUHYDOLGLIWKHFU\VWDOSXULW\LVQRWYHU\KLJKWKH
HOHFWULFDOFRQGXFWLYLW\LVOLPLWHGXSWRal:PDQGWKHWKHUPRHOHFWULFILJXUHRIPHULWXS
WR=7a

.H\ ZRUGV 7KHUPRHOHFWULF RUJDQLF FU\VWDO WHWUDWKLRWHWUDFHQHLRGLGH 6HHEHFN FRHIILFLHQW
WKHUPDOFRQGXFWLYLW\WKHUPRHOHFWULFILJXUHRIPHULW

,1752'8&7,21

2UJDQLFPDWHULDOVDWWUDFWPRUHDQGPRUHDWWHQWLRQIRU
WKHUPRHOHFWULF DSSOLFDWLRQV DV PDWHULDOV ZLWK PXFK PRUH
GLYHUVH SURSHUWLHV DQG OHVV H[SHQVLYH LQ FRPSDULVRQ ZLWK
WKH NQRZQ LQRUJDQLF RQHV %HVLGHV RUJDQLF PDWHULDOV
XVXDOO\ KDYH D YHU\ ORZ WKHUPDO FRQGXFWLYLW\ WKDW LV
IDYRUDEOH IRU WKH LPSURYHPHQW RI WKHUPRHOHFWULF
HIILFLHQF\,QSRO\HWK\OHQHGLR[\WKLRSKHQH3('27
DYDOXHRIWKHWKHUPRHOHFWULFILJXUHRIPHULW=7 KDV
EHHQPHDVXUHG>@DQG=7aLVSUHGLFWHGLQWKLVFODVVRI
PDWHULDOV>@5HSRUWHGLQ>@GDWDZHUHDQDO\]HGLQ>@DQG
LW ZDV VKRZQ WKDW WKH LQFUHDVH LQ WKH SRZHU IDFWRU LQ
3('27LVGXHPDLQO\ WR WKH LQFUHDVHRI LRQL]HG LPSXULW\
VFDWWHULQJRYHUWKHODWWLFHVFDWWHULQJOHDGLQJWRWKHLQFUHDVH
RI WKH WKHUPRSRZHU 7KH SHDN SRZHU IDFWRU RFFXUV IRU
FDUULHU GHQVLW\ RI a îPí KLJKHU WKDQ LQ LQRUJDQLF
WKHUPRHOHFWULFPDWHULDOVDQGPRELOLW\RIaîíP9V
=7ZDVDOVRHQKDQFHGGXH WR ORZ WKHUPDOFRQGXFWLYLW\RI
3('27 a :P. %\ PLQLPL]LQJ WKH WRWDO GRSDQW
YROXPHDQG LQFUHDVLQJ WKH LRQL]DWLRQIUDFWLRQ=7 DW
URRPWHPSHUDWXUHZDVDFKLHYHG>@LQ3('27366
%RWKQW\SHDQGSW\SHRUJDQLFWKHUPRHOHFWULFPDWHULDOV
ZLWK=7YDOXHVRIWRDURXQG.ZHUHGHYHORSHGLQ
>@$WKHUPRHOHFWULFPRGXOHFRQWDLQLQJQSVLQJOHFRXSOHV
ZDV IDEULFDWHG ZKLFK GHPRQVWUDWHV DQ RXWSXW SRZHU RI 
ȝ: WKH KLJKHVW IRU RUJDQLF PDWHULDOV UHSRUWHG WR WKLV GDWH
3URVSHFWV IRU SRO\PHUEDVHG WKHUPRHOHFWULF PDWHULDOV DUH
GLVFXVVHGLQ>@
7KH LRGLQHGRSHG SHQWDFHQH WKLQ ILOPV FDQ EH
SRWHQWLDO FDQGLGDWHV IRU JRRG RUJDQLF WKHUPRHOHFWULF
PDWHULDOV >@ ,W LV H[SHFWHG WKDW WKH QDQRFRPSRVLWH
DSSURDFK RI RUJDQLF DQG LQRUJDQLF FRPSRQHQWV FRXOG
FUHDWH QHZ HIILFLHQW WKHUPRHOHFWULF PDWHULDOV >@ $QG
UHDOO\WKHKLJKHVWYDOXHRI=7 DWURRPWHPSHUDWXUH
ZDV PHDVXUHG LQ SKHQ\O DFHW\OHQHFDSSHG VLOLFRQ QDQR
SDUWLFOHV>@7KLVUHVXOWLVREWDLQHGGXHWRUHODWLYHO\KLJK
6HHEHFN FRHIILFLHQW 6   l P9. DQG YHU\ ORZ
WKHUPDOFRQGXFWLYLW\N :P.)RUWKHGHVFULSWLRQ
RI WKHUPRHOHFWULF WUDQVSRUW LQ RUJDQLF PDWHULDOV GLIIHUHQW
WKHRUHWLFDOPRGHOVKDYHEHHQGHYHORSHG>@
7KH TXDVLRQHGLPHQVLRQDO 4' RUJDQLF FU\VWDOV
DWWUDFW VSHFLDO DWWHQWLRQ 6XFK FU\VWDOV MRLQ WRJHWKHU WKH
WKHUPRHOHFWULF DGYDQWDJHV RI PXOWL FRPSRQHQW V\VWHPV
ZLWK PRUH GLYHUVH LQWHUQDO LQWHUDFWLRQV DQG RI ORZ
GLPHQVLRQDO RQHV ZLWK LQFUHDVHG HOHFWURQLF GHQVLW\ RI
VWDWHV ,Q PROHFXODU QDQRZLUHV RI FRQGXFWLQJ SRO\PHUV
YDOXHVRI=7aDQGRIWKHUPRHOHFWULFSRZHUIDFWRUa
P:FPº. DW URRP WHPSHUDWXUH ZHUH SUHGLFWHG >@ 6XFK
SUHGLFWLRQV DUH YHU\ LPSRUWDQW EHFDXVH LQ WKLV SDSHU WKH
FKDUJH DQG HQHUJ\ WUDQVSRUW LV GHVFULEHG LQ WKH KRSSLQJ
PRGHO ZKLFK LV DSSOLFDEOH LQ WKH FDVH RI SRO\PHUV EXW
XVXDOO\JLYHVVPDOOHUPRELOLW\WKDQWKHEDQGPRGHO
6WLOOKLJKHUYDOXHVRI=7ZHUHSUHGLFWHGE\XVLQ4'
FKDUJH WUDQVIHU RUJDQLF FU\VWDOV LI WKH FU\VWDO SXULW\ LV
VXIILFLHQWO\ KLJK >@ +RZHYHU WKH DERYH SUHGLFWLRQV
ZHUH PDGH RQ WKH EDVH RI D VLPSOLILHG VWULFWO\ RQH
GLPHQVLRQDO FU\VWDO PRGHO )URP H[SHULPHQWDO GDWD LW LV
NQRZQ WKDW LQ 4' FU\VWDOV WKH HOHFWULFDO FRQGXFWLYLW\V
DORQJ WKH PROHFXODU FKDLQV LV DOPRVW E\ WKUHH RUGHUV RI
PDJQLWXGH KLJKHU WKDQ LQ WKH GLUHFWLRQ WUDQVYHUVDO WR
FKDLQV $OWKRXJK IURP WKLV IDFW LW IROORZV WKDW WKH
LQWHUDFWLRQ EHWZHHQ WKH FRQGXFWLYH PROHFXODU FKDLQV LV
ZHDN LW LV DEVROXWHO\ QHFHVVDU\ WR HVWLPDWH WKH HIIHFW RI
LQWHUFKDLQLQWHUDFWLRQDQGWKHUHVWULFWLRQVRQWKHUPRHOHFWULF
HIILFLHQF\WKDWWKLVLQWHUDFWLRQLQYROYHV
7KH DLP RI WKH SDSHU LV WR SUHVHQW D PRUH FRPSOHWH
SK\VLFDO PRGHO IRU KLJKO\ FRQGXFWLQJ RUJDQLF
QDQRVWUXFWXUHG FU\VWDOV RI WHWUDWKLRWHWUDFHQHLRGLGH
777,DV WKHUPRHOHFWULFPDWHULDO7KHFDUULHULQWHUDFWLRQZLWK WKH QHLJKERULQJ ' FRQGXFWLYH FKDLQV DQG DOVR WKH
VFDWWHULQJ RQ QHXWUDO LPSXULW\ DQG WKHUPDOO\ DFWLYDWHG
VWUXFWXUDO GHIHFWV DUH WDNHQ LQWR DFFRXQW 7KH PRGHO
EHFRPHV UDWKHU FXPEHUVRPH WKHUHIRUH IRU VLPSOLFLW\ WKH
' DSSUR[LPDWLRQ LV DSSOLHG ,W LV VKRZQ WKDW WKH
 
SUHGLFWLRQVPDGHLQ'DSSUR[LPDWLRQDUHYDOLGRQO\LIWKH
FU\VWDOSXULW\LVQRWYHU\KLJKDQGVLVOLPLWHGWRal
:PDQG=7a,QWKLVFDVHWKHVFDWWHULQJRQLPSXULWLHV
DOUHDG\OLPLWVWKHFDUULHUV¶PRELOLW\,IWKHFU\VWDOSXULW\LV
KLJKHUDQGUHVSHFWLYHO\VDFKLHYHVKLJKHUYDOXHVWKDQWKH
RQHVPHQWLRQHGDERYHLWLVQHFHVVDU\WRWDNHLQWRDFFRXQW
WKHLQWHUFKDLQLQWHUDFWLRQEHFDXVHWKLVLQWHUDFWLRQEHJLQVWR
OLPLWWKHFDUULHUV¶PRELOLW\

777,&5<67$/6,1'$352;,0$7,21
7KH VWUXFWXUH RI 4' RUJDQLF FU\VWDOV RI
WHWUDWKLRWHWUDFHQH±LRGLGH 777, KDV EHHQ EULHIO\GHVFULEHG LQ >@7KHFU\VWDOVKDYHQHHGOHVKDSHDQGDUH
IRUPHG RI VHJUHJDWH VWDFNV RU FKDLQV RI SODQDU 777
PROHFXOHV DQG , LRQV 2QO\ 777 FKDLQV DUH FRQGXFWLYH
GXH WR ODUJH RYHUODS RI 777 SRUELWDOV DORQJ WKH FKDLQV
7KHRYHUODSRIRUELWDOVEHWZHHQQHLJKERULQJ777FKDLQVLV
YHU\ VPDOO 7KHUHIRUH WKH FRQGXFWLRQ PHFKDQLVP DORQJ
777 FKDLQV LV EDQGOLNH DQG EHWZHHQ WKH FKDLQV LV RI
KRSSLQJ W\SH 5HVSHFWLYHO\ WKH HOHFWULFDO FRQGXFWLYLW\
DORQJ WKH PROHFXODU FKDLQV LV DOPRVW E\ WKUHH RUGHUV RI
PDJQLWXGH KLJKHU WKDQ LQ WKH WUDQVYHUVDO GLUHFWLRQ WR WKH
FKDLQV'XHWRWKLVIDFWHDUOLHU>@ZHKDYHQHJOHFWHG
WKH SRVVLELOLW\ IRU D FDUULHU WR SDVV IURP RQH FRQGXFWLQJ
FKDLQWRDQRWKHUDQGKDYHFRQVLGHUHGWKHWUDQVSRUWLQD'
FRQGXFWLRQ EDQG 1RZ ZH ZLOO HVWLPDWH WKH HIIHFW RI
LQWHUFKDLQLQWHUDFWLRQDQGWKHUHVWULFWLRQVRQWKHUPRHOHFWULF
HIILFLHQF\WKDWWKLVLQWHUDFWLRQZLOOLQYROYH
777,FU\VWDOLVRIPL[HGYDOHQFHWZRPROHFXOHVRI777JLYHRQHHOHFWURQWRWKHLRGLQHFKDLQDQGWKHFDUULHUV
DUH KROHV 7KH FU\VWDOV DGPLW QRQVWRLFKLRPHWULF
FRPSRVLWLRQ RI WKH IRUP 777,į ZLWK WKH VXUSOXV RUGHILFLHQF\ RI LRGLQH 7KHUHIRUH WKH KROH FRQFHQWUDWLRQ
GHSHQGVRQWKHLRGLQHFRQWHQWDQGPD\EHKLJKHURUORZHU
WKDQ WKH VWRLFKLRPHWULF FRQFHQWUDWLRQ Q   l FP
7KLVLVYHU\LPSRUWDQWEHFDXVHXVXDOO\LQRUGHUWRDFKLHYH
PD[LPXPYDOXHVIRU=7LWLVQHHGHGWRRSWLPL]HWKHFDUULHU
FRQFHQWUDWLRQ
7KH FKDUJH DQG HQHUJ\ WUDQVSRUW LV GHVFULEHG LQ WKH
WLJKW ELQGLQJ DQG QHDUHVW QHLJKERUV¶ DSSUR[LPDWLRQV ,Q
WKLV FDVH WKH HQHUJ\ RI WKH KROH ZLWK WKH ' TXDVLZDYH
YHFWRUNDQGSURMHFWLRQVN[N\KDVWKHIRUP
@FRV>@FRV>  DNZENZ \[  NH 
ZKHUHZDQGZDUHWKHKROHWUDQVIHUHQHUJLHVEHWZHHQWKHQHDUHVWPROHFXOHV DORQJ DQG EHWZHHQ WKH FKDLQV E DQG D
DUH ODWWLFH FRQVWDQWV DORQJ DQG LQ WUDQVYHUVDO GLUHFWLRQ WR
WKH FKDLQV 7KH D[LV [ LV GLUHFWHG DORQJ E DQG \ LV LQ
SHUSHQGLFXODU GLUHFWLRQ7KH HQHUJ\ LQ (T  LV PHDVXUHG
IURP WKH XSSHU PDUJLQ RI WKH FRQGXFWLRQ EDQG 7KH
FRQGLWLRQ RI TXDVLRQHGLPHQVLRQDOLW\ UHTXLUHV WKDW Z EHPXFKOHVVWKDQZ,Q777,ZLVaZ7KH IUHTXHQF\ RI ORQJLWXGLQDO DFRXVWLF SKRQRQV LV
WDNHQLQWKHIRUP
VLQVLQ  DTET \[T ZZZ  
ZKHUH'TXDVLZDYHYHFWRUTKDVWKHSURMHFWLRQVT[T\DQG Ȧ DQG Ȧ DUH WKH OLPLW IUHTXHQFLHV LQ WKH [ DQG \GLUHFWLRQVDQGȦLVPXFKOHVVWKDQȦ$VLQWKH'DSSUR[LPDWLRQFRQVLGHUHGHDUOLHUWZRRI
WKHPRVWLPSRUWDQWKROHSKRQRQLQWHUDFWLRQVDUHWDNHQLQWR
DFFRXQWFRPSOHWHGE\LQWHUFKDLQWUDQVLWLRQVRIKROHV7KH
ILUVW LQWHUDFWLRQ LV GHWHUPLQHG E\ WKH IOXFWXDWLRQV RI
SRODUL]DWLRQ HQHUJLHV RI PROHFXOHV VXUURXQGLQJ WKH
FRQGXFWLRQKROHDQGLV VLPLODUWR WKDWRI WKHSRODURQ7KH
FRXSOLQJFRQVWDQWRI WKLV LQWHUDFWLRQ LVSURSRUWLRQDO WR WKH
PHDQSRODUL]DELOLW\RIPROHFXOH D 7KHVHFRQGLQWHUDFWLRQ
LVGHWHUPLQHGE\WKHIOXFWXDWLRQVRIWUDQVIHUHQHUJLHVRIWKH
KROHEHWZHHQQHDUHVWPROHFXOHVDQGLVVLPLODUWRWKDWRIWKH
GHIRUPDWLRQ SRWHQWLDO 7ZR FRXSOLQJ FRQVWDQWV RI WKLV
PHFKDQLVPDUHSURSRUWLRQDOWRWKHGHULYDWLYHV Zc DQG Zc 
ZLWK UHVSHFW WR WKH LQWHUPROHFXODU GLVWDQFH RI Z DQG Z7KH VTXDUH RI PDWUL[ HOHPHQW PRGXOH RI KROHSKRQRQ
LQWHUDFWLRQKDVWKHIRUP
c >VLQ^  ENZ10$ [TZ!TN 
   @VLQVLQ ETETN [[[ J 
 `@VLQVLQ>VLQ  DTDTNDNZ \\\\ Jc 

+HUH0 LVWKHPDVVRI777PROHFXOH1 LVWKHQXPEHURI
PROHFXOHV LQ WKH EDVLF UHJLRQ RI WKH FU\VWDO Ȗ DQG ȖLQGLFDWH WKH UDWLRVRIDPSOLWXGHVRI WKH ILUVW LQWHUDFWLRQ WR
WKHVHFRQGRQHLQWKHGLUHFWLRQRIFKDLQVDQGLQWUDQVYHUVDO
GLUHFWLRQ
   ZEH c DJ    ZDH c DJ 
ZKHUH H LV WKH FDUULHU FKDUJH )RU WKH SW\SH EDQG
FRQVLGHUHGKHUH Z DQG Z DUH SRVLWLYH DQG H[SRQHQWLDOO\GHFUHDVH ZLWK WKH LQFUHDVH RI LQWHUPROHFXODU GLVWDQFH
7KHUHIRUHȖDQGȖZLOOEHQHJDWLYH7KH VFDWWHULQJ RI KROHV RQ LPSXULWLHV DQG WKHUPDOO\
DFWLYDWHGGHIHFWVLVDOVRWDNHQLQWRDFFRXQW7KHLPSXULWLHV
DQG GHIHFWV DUH FRQVLGHUHG SRLQW OLNH DQG QHXWUDO ,Q WKLV
FDVHWKHLPSXULW\DQGGHIHFWVFDWWHULQJUDWHVDUHGHVFULEHG
E\ WKH GLPHQVLRQOHVV SDUDPHWHUV ' DQG 'H[S(DN7ZKHUH(D LV WKHDFWLYDWLRQHQHUJ\RIGHIHFW IRUPDWLRQDQGN LV WKH %ROW]PDQQ FRQVWDQW 7KH SDUDPHWHUV ' DQG 'DUH SURSRUWLRQDO WR LPSXULW\ DQG GHIHFW FRQFHQWUDWLRQV
UHVSHFWLYHO\ DQG FDQ EH PDGH YHU\ VPDOO LI WKH FU\VWDO
SXULW\DQGSHUIHFWLRQDUHUDWKHUKLJK

7+(502(/(&75,&3523(57,(6

/HW¶VFRQVLGHUWKDWDZHDNHOHFWULFDOILHOGDQGDZHDN
WHPSHUDWXUHJUDGLHQWDUHDSSOLHGDORQJFRQGXFWLYHFKDLQV
7KHQ WKH OLQHDUL]HG NLQHWLF HTXDWLRQ WDNHV WKH IRUP RI
%ROW]PDQQ RQH ,Q WKH VFDWWHULQJ SURFHVVHV RI D KROH IRU
WHPSHUDWXUHV7j.ZHFDQQHJOHFWWKHSKRQRQHQHUJ\
>@ DQG DOVR WKH WUDQVYHUVDO NLQHWLF HQHUJ\ RI WKH KROH
EHFDXVH WKHVH HQHUJLHV DUH PXFK OHVV WKDQ WKH NLQHWLF
HQHUJ\ RI WKH KROH DORQJ WKH FKDLQV 7KHQ WKH NLQHWLF
HTXDWLRQ LV VROYHG DQDO\WLFDOO\ DQG WKH HOHFWULFDO
FRQGXFWLYLW\DORQJ777FKDLQVı[[WKH6HHEHFNFRHIILFLHQW
6[[WKHHOHFWURQLFWKHUPDOFRQGXFWLYLW\ H[[N DQG=7FDQEH
H[SUHVVHGWKURXJKWKHWUDQVSRUWLQWHJUDOV5QDVIROORZV
 5[[ VV     557NZHN6 [[  

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

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+HUH /[[N LV WKH ODWWLFH WKHUPDO FRQGXFWLYLW\ U LV WKH
QXPEHURIFKDLQVWKURXJKWKHWUDQVYHUVDOVHFWLRQRIWKHXQLW
FHOOYV LV WKHVRXQGYHORFLW\DORQJFKDLQVDEFDUH WKH
ODWWLFHFRQVWDQWV )H LV WKHGLPHQVLRQOHVV)HUPLHQHUJ\ LQ
XQLWV RI Z   JJH   LV WKH GLPHQVLRQOHVV
UHVRQDQFH HQHUJ\ LQ WKH VDPH XQLWV   7DNYV V! 
  ZZZZG cc   ,Q RUGHU WR FRPSDUH ZLWK WKH '
DSSUR[LPDWLRQ LQ (T  ZH KDYH LQWURGXFHG D QHZ
YDULDEOH FRV EN [ H  LQVWHDG RI N[ ZKHUH H  KDV WKH
PHDQLQJ RI GLPHQVLRQOHVV NLQHWLF HQHUJ\ RI D KROH DORQJ
FKDLQV LQ XQLWV RI Z DV ZHOO DV D GLPHQVLRQOHVV TXDVL
PRPHQWXP Ș   N\D LQVWHDG RI N\ KH Q LV WKH )HUPL
GLVWULEXWLRQ IXQFWLRQ LQ WKHVH QHZ YDULDEOHV ,Q (T  WKH
VLJQVRIȖDQGȖZHUHFKDQJHGWKXVIXUWKHURQWKH\DUHSRVLWLYH
,Q GHGXFWLRQ RI (T  WKH WHUP SURSRUWLRQDO WR

  VV DYEY ZKLFK FRPHV IURP WKH SKRQRQ GLVSHUVLRQ
ODZDQGLVPXFKOHVVWKDQXQLW\ZDVQHJOHFWHGZKHUHYVLVWKHVRXQGYHORFLW\LQWKHGLUHFWLRQSHUSHQGLFXODUWRFKDLQV
)URP (T  LW LV VHHQ WKDW LI ZH SXW G    LH WKH
LQWHUFKDLQ LQWHUDFWLRQ LV QHJOHFWHG WKH UHVXOWV RI WKH '
DSSUR[LPDWLRQ IROORZ ,Q WKLVFDVH WKHVHFRQG WHUP LQ WKH
GHQRPLQDWRURI(TLVHTXDOWR]HUR,WLVDOVRVHHQWKDWLI
WKHLPSXULW\DQGGHIHFWVFDWWHULQJUDWHVDUHOHVVWKDQXQLW\
WKH H[SUHVVLRQ XQGHU LQWHJUDO DQG WKH UHOD[DWLRQ WLPH LQ
(TKDVDPD[LPXPDURXQG HH  ZKHQİ,WLV
D FRQVHTXHQFH RI WKH PXWXDO FRPSHQVDWLRQ RI ERWK KROH
SKRQRQLQWHUDFWLRQVPHQWLRQHGDERYH>@,QWKH'FDVH
WKLV PD[LPXP LV OLPLWHG E\ WKH LPSXULW\ DQG GHIHFW
VFDWWHULQJ UDWHV 6LQFH WKH LPSURYHPHQW RI =7 LV
GHWHUPLQHG E\ WKH YDOXH RI WKLV PD[LPXP LW ZDV
UHFRPPHQGHG HDUOLHU WR UHGXFH WKH LPSXULW\ DQG GHIHFW
VFDWWHULQJUDWHVLHWRLQFUHDVHWKHFU\VWDOSXULW\,QWKH'
PRGHO WKLV PD[LPXP LV OLPLWHG DOVR E\ LQWHUFKDLQ
VFDWWHULQJ DQG WKH LQFUHDVH RI FU\VWDO SXULW\ DIWHU WKH
OLPLWDWLRQLPSRVHGE\LQWHUFKDLQVFDWWHULQJZLOOQRWJLYHDQ
LPSURYHG UHVXOW 7KHUHIRUH LW LV YHU\ LPSRUWDQW WR
LQYHVWLJDWHWKLVOLPLWDWLRQIRU=7

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
7KH HOHFWULFDO FRQGXFWLYLW\ ı[[ WKH WKHUPRSRZHU6HHEHFN FRHIILFLHQW 6[[ WKH HOHFWURQLF WKHUPDO
FRQGXFWLYLW\ H[[N  DQG =7 DORQJ WKH FRQGXFWLYH FKDLQV LQ
777,FU\VWDOVKDYHEHHQFDOFXODWHGQXPHULFDOO\DIWHU(TV
±7KHFU\VWDOSDUDPHWHUVDUH0 lPHPHLVWKHPDVVRIWKHIUHHHOHFWURQD cE cF 
 c Z    H9 Zc     H9c YV   l
PV ()    H9 G    >@ ,Q RUGHU WR ILWH[SHULPHQWDODQGWKHRUHWLFDOGDWDIRUı[[DQG6[[DWURRP7ZHKDYHFKRVHQ' ' DQGȖ $VPDOOLQFRPPHQVXUDELOLW\ EHWZHHQ 777 DQG LRGLQH FKDLQV
SURGXFHVGLVRUGHULQWR777FKDLQVDQGGHIHFWV>@PRUH
RIWHQZLWKVPDOODFWLYDWLRQHQHUJ\(DaH98VXDOO\RUJDQLF FU\VWDOV KDYH ODUJH WKHUPDO H[SDQVLRQ 7KH
FRHIILFLHQWRIWKHUPDOH[SDQVLRQELVQRWNQRZQLQ777,%XW LQDQWUDFHQHE l.7KLVYDOXH ZDV WDNHQ
DOVRIRU777,7KHWKHUPDOH[SDQVLRQLVFRQVLGHUHGRQO\LQ WKH SDUDPHWHU Ȗ EHFDXVH LW FRQWDLQV E DQG LWV YDOXHGHWHUPLQHV WKH UHVRQDQFH HQHUJ\ ZKLFK LQ LWV WXUQ
GHWHUPLQHVWKHWKHUPRHOHFWULFSURSHUWLHV
,Q )LJ WKH H[SHULPHQWDO GDWD >@ IRU D 777,FU\VWDO ZLWK DOPRVW VWRLFKLRPHWULF KROH FRQFHQWUDWLRQ DUH
UHSUHVHQWHG E\ UKRPEV 7KH PHDVXUHG HOHFWULFDO
FRQGXFWLYLW\V[[DORQJ777FKDLQVDWURRPWHPSHUDWXUHLVl:P,WLVVHHQWKDWZLWKGHFUHDVLQJWHPSHUDWXUH
WKH HOHFWULFDO FRQGXFWLYLW\ ILUVWO\ LQFUHDVHV EXW DW YDOXHV
ORZHU WKDQ a . D VPRRWK PHWDOGLHOHFWULF WUDQVLWLRQ
WDNHV SODFH &DOFXODWHG GDWD DUH UHSUHVHQWHG E\ OLQHV
GDVKHGOLQHLVIRUWKH'PRGHODQGGRWWHG±IRUWKH'RQH
LQ WKH ' FDVH RQO\ WKH )HUPL HQHUJ\ ZDV D OLWWOH
GLPLQLVKHG E\  H9 LQ RUGHU WR KDYH WKH VDPH KROH
FRQFHQWUDWLRQ ,W LV VHHQ WKDW ERWK OLQHV SUDFWLFDOO\
FRLQFLGH7KLVPHDQVWKDW IRUFU\VWDOVZLWKUHODWLYHO\KLJK
FRQWHQWRILPSXULW\DQGGHIHFWVWKH'DQG'PRGHOVJLYH
WKH VDPH UHVXOWV EHFDXVH WKH VFDWWHULQJ RQ LPSXULW\ DQG
GHIHFWVDOUHDG\OLPLWVWKHFDUULHUPRELOLW\,QWKLVFDVHLWLV
VXIILFLHQW WR DSSO\ WKH VLPSOHU ' DSSUR[LPDWLRQ 7KH
WKHRU\GHVFULEHV YHU\ ZHOO WKH WHPSHUDWXUHGHSHQGHQFHRI
V[[ LQWKHLQWHUYDOIURP.XSWR.WKHKLJKHVW7IRU ZKLFK PHDVXUHPHQWV ZHUH PDGH )RU ORZHU
WHPSHUDWXUHV SUREDEO\ WKH IOXFWXDWLRQV RI WKH GLHOHFWULF
SKDVH DSSHDU ZKLFK OHDG WR D VORZHU LQFUHDVH RIV[[ DQGILQDOO\WRWKHPHWDOGLHOHFWULFWUDQVLWLRQ7KLVSKHQRPHQRQ
LVQRWFRQVLGHUHGKHUH
,Q )LJ WKH GDWD IRU WKH WKHUPRSRZHU 6[[ DUHSUHVHQWHG 6LQFH WKH WKHUPRSRZHU LV SURSRUWLRQDO WR WKH
UDWLR 55 LW LV OHVV VHQVLWLYH WR WKH IOXFWXDWLRQV RI WKH
)LJ7KHUDWLRRIHOHFWULFDOFRQGXFWLYLW\DW
WHPSHUDWXUH7WRURRPWHPSHUDWXUHRQHUKRPEV
±H[SHULPHQWOLQHV±FDOFXODWLRQVGDVKHG±IRU
'GRWWHG±IRU'PRGHOV
 
GLHOHFWULF SKDVH DQG WKH WKHRU\ DJUHHV ZLWK WKH
H[SHULPHQWDO GDWD >@ LQ D UDWKHU ODUJH WHPSHUDWXUH
LQWHUYDO7KH PHDVXUHPHQW RI WKHUPDO FRQGXFWLYLW\N[[ E\GLUHFW PHWKRG KDV JLYHQ  :.P DW URRP 7 7KXV LW
UHVXOWV=7#DUDWKHUORZYDOXH
&U\VWDOVZLWKı[[ :PZHUHDOVRUHSRUWHG>@
KRZHYHU 6[[ DQG N[[ ZHUH QRW PHDVXUHG LQ WKHP 7KHPRGHOLQJVKRZVWKDWZKHQı[[LQFUHDVHVWKHHOHFWURQLFSDUWRI WKHUPDO FRQGXFWLYLW\ LQFUHDVHV WRR VR WKDW =7 UHPDLQV
VPDOO %XW 777, FU\VWDOV DOORZ QRQVWRLFKLRPHWULFFRPSRVLWLRQZLWKVXUSOXVRUGHILFLHQF\RILRGLQHZKLFKLV
DQDFFHSWRUDQGGHWHUPLQHVWKHFDUULHUV¶FRQFHQWUDWLRQ
,Q )LJ WKH GHSHQGHQFHV RI =7 RQ İ) DW URRP 7 DUHSUHVHQWHG7KH SDUDPHWHU 'QRZ GHVFULEHV WKH MRLQW UDWHV
RIVFDWWHULQJRQLPSXULW\DQGGHIHFWVDWURRP77KHORZHU
FXUYHV FRUUHVSRQG WR FU\VWDOV JURZQ IURP VROXWLRQ
FRQVLGHUHG LQ )LJV DQG  =7 UHPDLQV VPDOO HYHQ LQ LWV
PD[LPXPYDOXH7KHPLGGOHFXUYHVFRUUHVSRQGWRFU\VWDOV
JURZQE\JDVHRXVSKDVHPHWKRGZLWKı[[ :P,WLV
VHHQ WKDW LI )H LV GLPLQLVKHG GRZQ WR  WKH KROH
FRQFHQWUDWLRQ LV GLPLQLVKHG IURP l FP XS WR
l FP =7 a  LV H[SHFWHG 7KH XSSHU FXUYHV
FRUUHVSRQGWRVRPHZKDWSXUHUFU\VWDOVZLWKVWRLFKLRPHWULF
ı[[ l:P,QWKLVFDVH=7aLVSUHGLFWHGIRUWKHSUHYLRXV KROH FRQFHQWUDWLRQ 7KH DQDO\VLV VKRZ WKDW WKH
SUHGLFWLRQVPDGHLQ'DSSUR[LPDWLRQDUHYDOLGRQO\LIWKH
FU\VWDO SXULW\ LV QRW YHU\ KLJK DQG ı[[ LV OLPLWHG XS WR a
l:PRU=7XSWRa)RUKLJKHUYDOXHVRIı[[RUUHVSHFWLYHO\ RI =7 LW LV QHFHVVDU\ WR DSSO\ WKH PRUH
FRPSOHWH'RUHYHQ'PRGHO

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
$ PRUH FRPSOHWH SK\VLFDO PRGHO IRU QDQRVWUXFWXUHG
FU\VWDOVRIWHWUDWKLRWHWUDFHQHLRGLGHWKDWWDNHVLQWRDFFRXQW
WKH LQWHUDFWLRQ RI FDUULHUV ZLWK WKH QHLJKERULQJ RQH
GLPHQVLRQDO ' FRQGXFWLYH FKDLQV DQG DOVR WKH FDUULHU
VFDWWHULQJRQLPSXULWLHVDQGGHIHFWVLVSUHVHQWHG0RGHOLQJ
RI WKHUPRHOHFWULF SURSHUWLHV KDYH VKRZQ D FDOFXODWHG
WHPSHUDWXUHGHSHQGHQFHVRIı[[DQGRIWKHUPRSRZHU6[[IRU
DFU\VWDOZLWKHOHFWULFDOFRQGXFWLYLW\ı[[ l:PDW URRP WHPSHUDWXUH FRLQFLGH YHU\ ZHOO ZLWK WKH
H[SHULPHQWDOGDWDLQWKHLQWHUYDO.IRUı[[DQG±  . IRU 6[[ E IRU WKLV FU\VWDO WKH FDOFXODWHGWHPSHUDWXUH GHSHQGHQFHV RI ı[[ DQG RI 6[[ LQ ' DQG 'DSSUR[LPDWLRQV SUDFWLFDOO\ FRLQFLGH LQ WKH ZKROH
WHPSHUDWXUH LQWHUYDO F WKH VLPSOHU ' PRGHO FDQ EH
DSSOLHGIRUFU\VWDOVZLWKı[[OLPLWHGXSWRal:PRU =7 a  G LI WKH KROH FRQFHQWUDWLRQ LV GLPLQLVKHG E\
WZR WLPHV D YDOXH RI =7 a  LV H[SHFWHG LQ UHSRUWHG
VWRLFKLRPHWULFFU\VWDOVZLWKı[[ :PDQG=7aLQWKRVHZLWKDVRPHZKDWKLJKHUı[[ l:P
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